Inhibitory NK cell receptors are recognized as important determinants of NK cell activity in hematopoietic cell transplantation (HCT). The role of activating receptors and their acquisition after HCT is less certain. Therefore, we comprehensively evaluated both inhibitory and activating receptors in 59 patients receiving unrelated donor HCT. NK cell numbers normalized quickly relative to B and T cells; however, the expression of both inhibitory and activating isoforms of killer immunoglobulin-like receptors (KIRs) was delayed. Most NK cells expressed an immature phenotype during the first 6 months post-HCT; however, we found high expression of activating NKp46 and NKp44 natural cytotoxicity receptors (NCRs), and cytotoxicity was preserved. Early reconstituting NK cells from unmanipulated grafts showed lower cytotoxicity than those from T-cell-depleted grafts. Differences in NK cell reconstitution had significant effects on clinical outcomes. Patients whose NK cells reconstituted earlier had better survival and lower relapse rates. The best survival group was recipients who possessed HLA-C2 but their donor lacked the cognate-activating KIR2DS1. Collectively, our data underscore the clinical relevance of reconstituting NK cells and their activating KIRs and NCRs. In addition to NK cell quantification and genotyping, comprehensive assessment of NK cell functions and phenotypes, including activating receptors, is essential.
Introduction
Allogeneic hematopoietic cell transplantation (HCT) is an established treatment for many hematologic and malignant disorders. Because only about one-third of patients have an human leukocyte antigen (HLA)-matched sibling donor (MSD), an HLA-matched unrelated donor (URD) is often sought. 1 Owing, in large part, to the advancement in HLA typing to a high-resolution allelic level and improvement in supportive care, recent studies have demonstrated that the outcomes of URD HCT are as favorable as MSD HCT. 2, 3 Broadened indications for transplant and improvement in outcomes have led to increased use of URD HCT. In 2006, over 3200 URD HCTs were performed through the National Marrow Donor Program (NMDP), representing a 10-fold increase over 1990 numbers. 4 Success of HCT is typically defined as the absence of the primary disease and complete lymphohematopoietic reconstitution. A normal reconstituted immune system is important for the control of infection, establishment of tolerance and mediation of graft-versus-leukemia effects. Previous studies have provided extensive, valuable information concerning T-and B-cell reconstitution and their effects on HCT outcomes. 5 More recently, studies have shown that reconstituting NK cells may also be important in infection, graft-versus-host disease (GVHD) and graft-versus-leukemia effects. 6 NK cell function is regulated by integration of signals provided through numerous activating and inhibitory receptors expressed on its surface. 7 Inhibitory receptors, such as longtailed killer immunoglobulin-like receptor (KIR) and CD94/ NKG2A, have been recognized as important determinants of NK cell activity in HCT. 8 The role of activating receptors, such as short-tailed KIR and natural cytotoxicity receptors (NCRs), is less certain. Therefore, we evaluated comprehensively both inhibitory and activating receptors in 59 patients receiving URD HCT, including the donor NK cell repertoire, and the recipient NK cell reconstitution, natural cytotoxicity, receptor acquisition kinetics and clinical outcomes.
Patients and methods

Patients
Between October 1993 and April 2005, 184 patients with hematologic malignancy received an URD HCT at the St Jude Children's Research Hospital. Among these 184 patients, 59 were included in this study because donor blood samples were archived and contained viable mononuclear cells. The St Jude Institutional Review Board and the NMDP Institutional Review Board have approved the use of these archived samples for this study. Their clinical characteristics are listed in Table 1 .
All patients in this study received a myeloablative conditioning before HCT, containing either 12 Gy of TBI, 10 mg/kg of thiotepa and 120 mg/kg of cyclophosphamide, or 14.4 Gy of TBI, 18 gm/m 2 of Ara-C and 90 mg/kg of cyclophosphamide. Patients also received either 10 mg/kg of rabbit antithymocyte globulin (ATG) or 90 mg/kg of horse ATG.
All patient and donor pairs were matched at six of six HLA-A, -B and -DRB1 loci at the antigen level. At allelic level, and including HLA-C, 32 patients (54%) were HLA matched at eight of eight loci, 14 (24%) in seven loci, 11 (19%) in six loci, 1 (1.5%) in five loci and 1 (1.5%) in four loci. In the 27 patients with an allele level mismatch, 6 mismatches were identified at HLA-A, 12 at HLA-B, 24 at HLA-C, and 1 at DRB1. GVHD prophylaxis included ATG as described above, T-cell depletion by using either T10B9 complement-mediated lysis (n ¼ 27) or immunomagnetic CD34 þ cell selection (n ¼ 13), cyclosporine A beginning on day À2 (n ¼ 59) and methotrexate on a day 1, 3, 6 and 11 schedule (n ¼ 46). In total, 14 patients had grade I acute GVHD, 8 had grade II and 2 had grades III-IV. Five patients experienced chronic GVHD; only one was extensive.
NK cell assays
Methods for KIR genotyping and phenotyping for quantitative transcript measurement and surface protein expression have been described previously. 9 Briefly, KIR genotyping was performed by PCR using SSP. Phenotyping for surface expression of KIRs was determined by flow cytometric analysis using mAbs. KIR3DL1 was detected by DX9 (BD Immunocytometry Systems, BD Biosciences, Franklin, NJ, USA), KIR2DL1 by EB6B (Immunotech, Beckman Coulter, Fullerton, CA, USA) and HP-3E4 (BD Immunocytometry Systems), and KIR2DL2/KIR2DL3 by CH-L (BD Pharmingen, San Jose, CA, USA), GL 183 (Immunotech, Beckman Coulter, Fullerton, CA, USA) and Dx27 (BD Pharmingen). Expression of CD94/NKG2A was measured by HP-3D9 (BD Pharmingen) and Z199 (Beckman Coulter, Fullerton, CA, USA), NKp44 by Z231 (Beckman Coulter) and NKp46 by BAB281 (Beckman Coulter).
Quantification of KIR transcripts was performed by real-time quantitative PCR (RQ-PCR) using the ABI Prism 7700 Sequence Detector Systems (Applied Biosystems, Foster City, CA, USA) and the SYBR Green I Dye assay chemistry, as suggested by the manufacturer. cDNA was obtained by performing reverse transcription on RNA using OligoDTmers (Invitrogen, Carlsbad, CA, USA). PCR reactions were performed with 2.5 ml (75 ng) of cDNA, 12.5 ml of SYBR Green PCR master mix (Applied Biosystems) and 0.5 mM forward and reverse primers in a final reaction volume of 25 ml. Primer sets used were as per Uhrberg et al., 10 except for 3DL1. The primer sequence for KIR3DL1 was: 5 0 AGGACAAGCCCTTCCTGTCT, and 3 0 GGCTCATGTTG AAGCTCTCC. The amplified product is 174 bp. Cycling parameters were as described previously. 11 Each of the four inhibitory KIR genes, as well as KIR2DS1 and KIR2DS2, were cloned to allow generation of standard curves for each RQ-PCR run.
Cloning of the KIR genes was performed using the TOPO TA Cloning kit from Invitrogen as suggested by the manufacturer. Briefly, the purified PCR product was ligated and transformed into One Shot competent cells and plated. PCR from various colonies identified the presence of the desired gene determined by gel electrophoresis. Miniprep from Qiagen (Valencia, CA, USA) was performed using the overnight culture for the desired colony. The resulting product was confirmed with DNA sequencing analysis using Applied Biosystems 3700 DNA Analyzers.
The number of lymphocyte subsets was calculated by multiplying the lymphocyte counts to the percentage of
þ NK cells. Natural cytotoxicity of NK cells was monitored by a standard in vitro europium release method as described previously using K562 cells as targets. 12 Statistics NK, B and T cells were considered to be normalized at the time when their number exceeded the lower limit of normal for the first time after HCT. The normal range for each lymphocyte subset was determined by testing 57 healthy children at our institution.
The time to recover to the donor-specific level of expression for each NK receptor was assessed using flow cytometry and RQ-PCR analyses. NK cell receptor expression after HCT was considered to reconstitute to the donor-specific level when the difference in quantity of the receptor was within 50% of the average of the sample obtained from the donor pre-HCT and from the recipient post-HCT (i.e., if (donorÀrecipient)/ (1/2)(donor þ recipient) is o0.5). This cutoff was estimated from data of identical twins and was used in our previous study. 9 Similar equations were used to assess the time to reconstitution for total KIRs, inhibitory KIRs or activating KIRs as a group by summing the total number of NK cells expressing any KIR, the total number of inhibitory KIR transcripts or the total number of activating KIR transcripts, respectively.
Overall survival was estimated using the Kaplan-Meier method, and the cumulative incidence of relapse was calculated by considering relapse and death due to other causes as competing events. 13, 14 The time during which a patient is at risk of relapse was defined as the period from the date of HCT to the date of relapse, the date of death or the date of last follow-up, which ever occurs first. Cox regression was used to assess the hazard function of primary variables including the time to normalization of NK cells and donor-recipient KIR-HLA relationship, adjusting for the patient's leukemia risk group. The standard risk category consisted of patients with acute lymphoblastic leukemia or acute myelogenous leukemia in first or second remission and patients with chronic myelogenous leukemia in first chronic phase. 15 The high-risk category consisted of patients with acute lymphoblastic leukemia or acute myelogenous leukemia in third or subsequent remission or in relapse, patients with secondary leukemia, patients with chronic myelogenous leukemia other than those with a standard risk and those with juvenile myelomonocytic leukemia or myelodysplastic syndrome.
Results
Reconstitution of lymphocyte subsets after HCT
NK cells reconstituted to a normal level much faster than that of T and B cells ( Figure 1 ). Although 97% of the patients had a normal number of NK cells by day 100 after HCT, only 68% of the patients had a normal number of T cells by 1 year (Figure 2 ). The T-cell to NK cell ratio was generally depressed throughout the first year after HCT. The reconstitution of CD4 þ T cells was remarkably slow (Figure 1c ).
KIR expression after HCT
Although NK cell number returned to a normal level quite early, KIR expression on NK cells did not normalize for most patients until 1 year after HCT, especially that of KIR3DL1, which was the slowest to normalize ( Figure 3 ). During the first 6 months, most of the NK cells were KIR À and CD94/NKG2A þ , signifying an immature phenotype. 7 As the percentage of NK cells expressing KIR increase over time in the following 6 months, the percentage of NK cells expressing CD94/NKG2A decreased. However, for most patients, the CD94/NKG2A level remained elevated beyond 1 year after HCT, even when their KIR level has already normalized. Thus, the time to normalization was significantly longer for CD94/NKG2A than for KIRs (54% of the patients required longer than 1 year to normalize their CD94/ NKG2A expression on NK cells, compared with only 12% for KIRs, Po0.006).
Because the role of activating KIR genes and their expression after HCT have not been elucidated, and the antibodies currently available cannot differentiate inhibitory KIR2DL1 from activating KIR2DS1, and inhibitory KIR2DL2/2DL3 from activating KIR2DS2, we used RQ-PCR to independently evaluate the transcription of inhibitory and activating KIR genes in the reconstituting NK cells (Figure 4 ). We found that the patterns at the four time points after HCT were similar between RQ-PCR and flow cytometry analyses. The sum of the RQ-PCR results for KIR2DL1 and KIR2DS1 mimic that of KIR2DL1/2DS1 by flow cytometry. Similarly, the sum of the RQ-PCR results for KIR2DL2, KIR2DL3 and KIR2DS2 mimicked that of KIR2DL2/ 2DL3/2DS1 by flow analyses. All of which showed a pattern of reduced expression during the first 6 months after HCT and then recovery toward normal levels by 1 year, with two notable exceptions: KIR2DS1, which recovered the fastest and was normal in most patients by 4 months with a subsequent decline, and KIR3DL1, which recovered the slowest and was still subnormal by 1 year. Indeed, the transcript levels for the KIR3DL1 gene were most severely diminished, in agreement with its level of surface expression as measured by flow cytometry. Thus, although the hierarchy of abundance for the transcripts of each KIR gene was generally preserved throughout the post-HCT period, KIR3DL1 was the only exception ( Figure 4g ).
Because it is not known whether the activating and inhibitory families of KIRs recover in parallel after HCT, we compared their tempo of reconstitution to examine their natural balance. Overall, we found that the speed of reconstitution of inhibitory Figure 1 Reconstitution of lymphocyte subsets. Multicolor flow cytometry analyses were used for the enumeration of (a) CD3 KIR receptors as a group was similar to that of the activating receptors (Figure 4h ). The rate of acquisition of each receptor was not influenced by either the donor or the recipient HLA KIR ligand groups (data not shown).
Natural cytotoxicity and activating NCR expression after HCT
Besides KIR genes, stimulatory NCRs are critical determinants of NK cell activity. As the KIR and CD94/NKG2A phenotypes suggested an immature phenotype in the first year after HCT, concerns were raised on the natural cytotoxicity of these NK cells and their NCR expression. Therefore, we evaluated the natural cytotoxicity against K562 cells and measured the NKp46 levels as it is known that the cytolytic activity of NK cells against NK-susceptible targets correlated strictly with the NKp46-bright phenotypes. 16 We also measured the NKp44 levels to assess the level of cytokine-activated NK cells, which also contribute to the general cytotoxicity of the NK cell population. 17 Propitiously, we found that although the NK cells possessed an immature phenotype, their cytotoxicity was preserved, as indicated by a normal level of lytic activity, which may be in part related to the high level of NKp46-bright and NKp44-positive NK cells ( Figure 5) .
As we have previously demonstrated that T-cell alloreactivity dominated that of NK cells, 18 we sought to investigate the difference in NK cytotoxic function among patients who had received a T-cell-depleted versus a T-cell-replete graft. We found that although the number of NK cells and their receptor expression were similar in the T-cell-replete group at all time points (all P40.24), the natural cytotoxicity of NK cells obtained from this group of patients in the first 4 months after HCT was lower than that of patients who had received a T-cell-depleted graft ( Figure 6 ).
Clinical outcomes
Of the 59 patients, 17 experienced disease relapse, 13 died of transplant complications and 29 (49%) were surviving disease free. As expected, outcomes were related to the disease risk category (Table 2) . When analysis was performed on the clinical effect of NK cell reconstitution, patients whose NK cell reconstituted to normal level earlier had a better survival and a lower relapse rate (Table 2 ). In addition, when each donor KIR gene was analyzed accounting for the presence or absence of its ligand in the recipient, HLA-C interactions were particularly important. Survival was found to be better for those recipients who were positive for HLA-C2 but their donor did not have the corresponding cognate receptor KIR2DS1 (Table 2 ; Figure 7 ). Improvement in survival in this group when compared with other patients was related to both lower relapse rate (16.7 versus 26.8%) and lower transplantrelated mortality (0 versus 29.3%). Survival outcomes were not affected by T-cell depletion, degree of donor-recipient HLA match or a history of GVHD (P-values ¼ 0.83, 0.59 and 0.16, respectively).
Discussion
With HLA-matched URD HCT for hematologic malignancy, approximately half of the patients are expected to be long-term survivors. 1 Further improvement in patient survival with this frequent HCT procedure will depend on the control of common causes of transplant failure, including infection, graft rejection, GVHD and leukemia relapse. A vital component to control all these adverse events is an immune system that is effective in eliminating infectious agents and malignant cells on the one hand, and in the development of bidirectional tolerance on the other hand. T cells were the first component of the immune system to be described as an important participant in these effects. 19 For instance, T-cell-mediated graft-versus-leukemia effect has been known for over 15 years. 20 Although donor T-cell activity is beneficial for the control of infection, leukemia relapse and graft rejection, overaggressive T-cell alloreactivity may result in GVHD.
Similar to T cells, NK cells are known for their potent activity against virally infected cells and malignant cells. 7 Recently, animal models have also demonstrated that donor NK cells can have graft-facilitating and GVHD prevention effects, based in part by TGF-b and their alloreactivity against recipient's T and dendritic cells. 21, 22 Previous investigations in HCT have largely focused on the role of inhibitory receptors (extensively reviewed by Velardi 8 recently). 'Missing self' effects have been demonstrated in KIR ligand-mismatched allogeneic HCT and inhibitory KIR-HLA receptor-ligand mismatch effects have been observed in both allogeneic and autologous transplants. 9, [23] [24] [25] [26] High level of inhibitory CD94/NKG2A expression in donor or recipient NK cells was associated with poor transplant outcomes. [27] [28] [29] [30] In contrast to inhibitory receptors, relatively little is known about the role of activating receptors such as short-tailed KIRs and NCRs. Therefore, we comprehensively evaluated both inhibitory and activating receptors in our cohort of patients. Using RQ-PCR to independently evaluate the transcription kinetics of inhibitory and activating KIR genes in the reconstituting NK cells, we found that both long-and short-tailed KIRs typically showed a pattern of reduced expression during the first 6 months after HCT and then recovery toward normal levels by 1 year. We also demonstrated for the first time that the hierarchy of abundance of each KIR gene transcript was generally preserved throughout the post-HCT period, and the speed of reconstitution of inhibitory KIR receptors as a group was similar to that of the activating receptors. Thus, our data strongly support the hypothesis that human inhibitory and stimulatory KIR gene usage is tightly coordinated in general, even in the immediate post-transplant period, to maintain an appropriate level of biological responsiveness to normal and abnormal tissues. Future studies are essential to elucidate the molecular mechanisms that control such a tight balance. At the individual family member level, however, KIR2DS1 and KIR3DL1 were notable outliers. KIR2DS1 recovered the fastest and was normal in most patients by 4 months, whereas KIR3DL1 recovered the slowest and was still subnormal out to 12 months. This may be in part related to the differential methylation, direction and strength of promoters associated with distinct KIR genes. 11, [31] [32] [33] [34] Recent studies have revealed the presence of several promoter polymorphisms in KIR3DL1, KIR3DS1, KIR2DL5 and KIR2DS4, but not in KIR2DL1 and KIR2DL3. 35 Functionally significant differences in forward and reverse promoter activities were especially observed among the polymorphic promoters of different KIR3DL1 alleles, which affect the binding sites of transcription factors such as YY1, E2F and Sp1. These biological data are in line with our novel clinical observation that KIR3DL1 reconstitution was distinct from all other KIRs (Figures 4f and g ). Our results should be generalizable, as the distribution of KIR3DL1 alleles in our study was representative of the general population, with approximately 20% of the individuals having the KIR3DL1-null phenotype as detected by DX9 antibody, 30% with intermediate staining and 50% with high level of expression. 36 Using KIR genotyping alone without expression analyses, previous studies have established an association between transplant outcomes and increasing number of donor-activating KIR genes, which in turn is related to the presence of B haplotype that contains more activating KIR genes than the A haplotype that carries a single activating KIR gene (KIR2DS4). 37 For instance, Cook et al. 38 found that donors with more than one activating KIR gene were associated with a reduction in CMV reactivation in MSD transplants. De Santis 39 showed that a greater number of activating KIRs in matched URD protected against GVHD and improved survival. Chen et al. 40 also demonstrated that additional activating KIR genes in MSD compared with the recipient genotype were associated with lower CMV reactivation, lower transplant-related mortality and better survival. Schellekens et al., 41 Krö ger et al., 42 Bishara et al. 43 and Clausen et al., 44 however, found an increased risk of relapse, GVHD or non-relapse mortality in patients with allogeneic donor having more activating KIRs. [41] [42] [43] [44] In terms of specific role for each individual activating KIR gene in HCT, Giebel et al. and Kim et al. 46 have demonstrated in URD and MSD transplants that the presence of donor KIR2DS2 was associated with a high risk of GVHD and non-relapse mortality. Yabe et al. 47 then went on to show that the association of KIR2DS2 with GVHD in URD transplant was particularly prominent in patients with the cognate C1 ligand and donor KIR ligand mismatch. The detrimental effects of donor KIR2DS2 interaction with recipient C1 ligand has also been observed in an earlier MSD transplant study by Cook et al., 48 in which better survival was seen if the recipients were homozygous for C2 (thus lacking C1 ligand) and the donor was KIR2DS2 negative. Similarly, donor KIR2DS1 interaction with recipient C2 ligand has been shown by Schellekens et al. 41 to be associated with lower survival rate in MSD transplants. The presence of donor KIR2DS1, however, might be advantageous if the donor was also positive for KIR2DS2, as demonstrated by Verheyden et al. 49 that the presence of these two activating KIRs in the donor was associated with a decreased leukemic relapse rate. In vitro, the binding of C2 to KIR2DS1 has been clearly demonstrated, albeit at a lower affinity than C2-KIR2DL1 interaction; in contrast, C1 did not appear to bind to KIR2DS2. 50 Furthermore, NK clone analyses demonstrated evidently the ability of C2 ligand to activate KIR2DS1-dependent IFN-gamma production. 51 Collectively, these data suggest a dominant role of C2-KIR2DS1 induction of alloresponse and are in agreement with our clinical findings that C2-positive patients had a better survival when the donor was negative for KIR2DS1. For example, the transplant-related mortality was much lower in these patients when compared with other patients (0 versus 29%). Mechanistically, our clinical observations of the importance of C2-KIR2DS1 interaction was in corroboration with our laboratory finding that KIR2DS1 was the earliest KIR to reconstitute to normal level. By 3-4 months after transplantation, our patients had returned to nearly normal levels of donor KIR2DS1 expression. Because the recovery of the other KIR was slower, NK cells in which KIR2DS1 was the singular KIR expressed were prevalent. These data underscore the importance of not only HLA ligand typing or KIR genotyping in the investigation of the clinical effect of KIR mismatch, but also the requirement for direct KIR expression analyses to assess the availability of each KIR gene products for potential HLA interactions.
In addition to activating KIRs, other stimulatory NK cell receptors such as NKG2D, NTBA and NCRs have been identified. 52 NCR expression, for example, has been shown to be significantly diminished at the time of diagnosis of leukemia, and the level of expression correlated with patient outcomes. 53, 54 Their role in HCT, however, has not been elucidated. In this study, we found that although reconstituting NK cells generally possessed an immature phenotype, as defined by other investigators as being KIR À CD94/ NKG2A þ , 7,27-30 their cytotoxicity was preserved, in part related to the high level of NKp46-bright and NKp44-positive NK cells. These data highlight the complexity of NK cell biology in HCT and encourage future comprehensive evaluation of NK cell function, repertoire and phenotype after HCT, including other poorly characterized activating receptors such as DNAM-1, CD96 and 2B4. 55 In this regard, PVR and Nectin-2, the ligands for DNAM-1 and CD96, have been found to be highly expressed in myeloid leukemia cells. 56 Besides NK cell determinants, other cellular and soluble factors should be considered. In this regard, we have previously demonstrated that in allogeneic HCT, T-cell alloreactivity dominates that of NK cells alloreactivity in pediatric patients. 18 Although natural cytotoxicity was generally preserved in our cohort as a whole, and the number of NK cells was similar among patients who received a TCD graft versus those who received a T-cell-replete graft, the cytotoxicity in the first 4 months after transplantation was significantly lower in the group that received a T-cell-replete graft. This is in agreement with previous studies that showed that NK cells expand and function the best in a severely T-cell lymphopenic environment, 57, 58 and that when T cells had already reconstituted, alloreactive NK cell clones could no longer be detectable. 59 These data provide a mechanistic explanation for the more prominent NK cell effects observed in T-cell-depleted transplants as compared with transplants using T-cell-replete grafts. 8, 18 Besides T cells, 60 other factors including ATG, Campath or steroid usage, [61] [62] [63] [64] donor gender, 65 cytokine and growth factors such as IL12, IL15, IL18, GCSF or Flt-3 ligand, 9, 61, 66, 67 have been implicated as important predictors of NK activity.
Recently, Savani et al. 68 demonstrated that patients with quantitatively higher NK cells at day 30 after MSD transplants had lower myeloid leukemia relapse rates and improved survival. In this study, we demonstrated that patients who normalized their NK cell numbers in 1 month versus those who required 2 or more months had a reduction in the risk of leukemia relapse by more than fourfold and a reduction in overall mortality by more than sevenfold (Table 2 ). These data suggest that the tempo of NK cell reconstitution is another important determinant in the outcomes of patients and strongly encourage further investigation of new approaches to hasten NK cell recovery after transplantation. Taken together with our extensive data on both inhibitory and activating NK receptor expression, our study indicated that NK cell reconstitution after MUD HCT was a multifaceted process and has significant clinical implications in future attempts to further improve patient outcomes and prognostications. Novel data were obtained to provide evidence that NK cell quantity, function, phenotype, and tempo of KIR-NCR-NKG2A acquisition were all important measures of NK cell activity. Thus, this study does not only provide fundamental insights into the developmental biology and NK receptor reconstitution after URD transplantation but it also underscores the clinical relevance of comprehensive evaluation of NK cells, including activating receptors in multiple transplant settings to optimize patient care and understanding the role of NK cells in transplant immunology.
